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INTRODUCTION
Available studies on the pharmacokinetics of phenytoin in dogs [1] , mice [2] , rats [3] and humans [4] given different single doses have shown that in these species elimination of phenytoin from plasma is dependent on the dose and is non-linear. We have not found such a study performed on rabbits.
Other reasons for using rabbits in the present work are as follows. Among smaller animals, rabbits are ideal for pharmacokinetic studies, since higher animals like monkeys, which were commonly used in the past for pharmacokinetic research, are very expensive and demanding in terms of fostering and hosting [5] . Rabbits have been used extensively for such studies and show good sensitivity. Furthermore, rabbits are more suitable for multiple sampling, which is required for pharmacokinetics.
Phenytoin is one of the most commonly prescribed drugs to control generalized seizures [6] . Phenytoin sodium injection is used to treat convulsions especially in emergencies. For example, it has been on the market for approximately 50 years in Japan and occupies an important position as a next best therapeutic agent in the treatment of status epilepticus not responding to diazepam [6, 7] . Convulsive human status epilepticus affects an estimated 152,000 persons and causes 42,000 deaths each year in the United States [8] .
Fosphenytoin is widely used in the USA, EU and other countries, and has clearly superior tolerability at infusion site to phenytoin [7] . Fosphenytoin is a water-soluble phenytoin prodrug and is rapidly and completely converted to phenytoin by phosphatases present in the liver, red blood cells and many other tissues [7] .
Severe malaria is a major cause of admissions in the tropics [9, 10] , and is associated with a casefatality rate of 10 -30 % among hospital admissions [11] [12] [13] . Complications associated with severe malaria which are thought to contribute to high mortality include seizures [10] . Multiple seizures are often refractory to treatment, and children with multiple seizures are twice as likely to die than children with few seizures, and they also have a higher risk of developing neurological sequelae [14] . Administration of effective anticonvulsants can be useful in preventing seizures associated with severe malaria.
Children with seizures associated with severe malaria refractory to other anticonvulsants are usually treated with phenytoin.
Phenytoin possesses non-linear individual variable pharmacokinetics in humans and a narrow therapeutic range in plasma levels (10 -20 mg/l). The therapeutic range must be maintained for a long period by a multiple dosage with an optimal, individual variable dose. To avoid subtherapeutic and toxic concentrations and to achieve optimal treatment, a number of investigators have developed methods for individualization of phenytoin therapy in humans [4] . In epileptic patients, these methods are difficult to validate due to ethical constraints, usually involves multiple anti-epileptic drug therapy, with very low phenytoin concentrations beyond the therapeutic range.
In the present study on rabbits using phenytoin as probe, we examined the impact of non-linear kinetic model on individual dose determination for specified therapeutic drug concentration. The objective of the study was to establish valid biomathematical model for the prediction of optimal dosage regimen for drugs with non-linear kinetics.
EXPERIMENTAL Animals
Our experimental model for individualization of therapy with non-linear drugs was performed with phenytoin which was administered to Standard Chinchilla rabbits (Table 1 .) as a bolus injection into the ear marginal vein. The rabbits received adjusted doses appropriate to achieve human therapeutic and toxic concentrations. All blood samples were obtained from contralateral ear vein. Samples were centrifuged and plasma frozen at -20 ºC pending its use. 
Procedure
To check kinetic nonlinearity, the first experiments were performed on 10 rabbits, which received 3 different single doses of phenytoin (11, 22 , 44 mg/kg). The period between administration of doses was 10 days. Just before (pre-treatment, 0 h) and after administration of each dose subsequent concentrations in plasma were measured over a period of 8 h.
To validate predictive possibilities of the model, the main part of our experimental work was realized by a multiple dosage of phenytoin to rabbits. Three steady-state plasma concentrations (C ss1 , C ss2 , C ss3 , 20 -56 mg/l) were achieved by three different doses (D 1 , D 2 , D 3 , 9 -15 mg/kg). Time interval of drug administration was of constant duration for 90 min. The period between the treatments with different doses was 10 days.
Analytical procedure
Concentrations of phenytoin in plasma were measured by HPLC according to minor modifications of previously reported methods [16] .
Our modification involves precipitation of proteins with an acetonitrile solution containing etosuksimide as an internal standard and reverse-phase chromatography on C18 column. The anticonvulsants (phenytoin and etosuksimide) in the sample are eluted with an equivolume mixture of acetonitrile and potassium phosphate buffer (10 mmol/l, pH 8.0) at flow rate of 0.8 ml/min, detected by absorbance at 254 nm. Concentrations are determined by measuring peak areas. Each analysis lasts 6 minutes and requires microsample containing 5 µl of plasma or less. So, 0.2 ml of blood is sufficient for multiple analyses. Modification provides accuracy with an analytical recovery of phenytoin at about 103.12 % and good precision with a coefficient of variation 7.64 % for human therapeutic and toxic concentrations. During validation of the procedure we performed 557 analyses with the determination of 161 different concentrations ranging from 2 to 70 mg/l.
Models and parameters
Concentration-time pairs from the single dosage were fitted to the mathematical solution for the central compartment of the linear twocompartment pharmacokinetic model (Figure 1 ). Individualized components are k, λ, X, Y. All parameters for model are determined through the least square numerical procedure described earlier [18] . The optimal model parameters are those for which the mean square error value is minimal.
In the multiple dosage experiments mean steadystate concentrations, defined by eq. 10, were used.
C ss = (C ssmax -C ssmin )/2 …………………………(10) where are C ssmax -maximal and C ssmin -minimal concentration during dosage interval of multiple dosage after steady-state equilibrium. (18) Enzymes belonging to the P450 subfamilies, CYP2B and CYP2C, are found to be involved in detoxification of phenytoin [19] . In rabbits phenytoin is catalyzed largely by CYP2C3 [20] .
Statistical analysis
Experimental data was calculated as mean ± SE. Correlation of results was by simple linear regression. Statistics were applied, using Student t-test for small dependent samples, to determine the level of significance which was fixed at p < 0.05.
RESULTS
Results of the single doses application for two rabbits are given in Figure 2 , Figure 3 and Table  2 . (Figs 2 and 3) are not decreasing (show a plateau), which is expected for non-linear kinetics. Nonlinearity confers presence of a plateau in the profile observed at the highest single dose (44 mg/kg), when extent of saturation of the metabolic elimination system is obviously very high, almost complete. Because of that, at the highest single dose kinetics of the drug is of zero-order. With lower doses extent of saturation is evidently lower, without plateau in the profile, which indicates first-order kinetics. It means that non-linearity, kinetic order change from zero to first order with the dose, was observed in the used dose range (11 -44 mg/kg).
If experimental data are fitted to the above mentioned solution appropriate for the linear twocompartment pharmacokinetic model and if the estimated parameters change in a uniform manner with dose, then this is strong evidence of a non-linear elimination. From our experiments and examples in Table 2 , it is evident that the values for λ 1 , λ 2 and corresponding values for half-lives (t 0.5 λ1 = ln2 / λ 1 and t 0.5 λ2 = ln2 / λ 2 ) change in a uniform manner with the dose in each rabbit. Thus it was found that phenytoin in examined rabbits is eliminated nonlinearly at applied doses. Results obtained with the multiple dosage of phenytoin are presented in Figure 4 , Table 3 , Figure 5 and Figure 6 . There are no statistical differences between predicted and measured C ss3 , what is confirmed by Student's "t"-dependent test ("t"-dependent = 1.074, p < 0.05). Thus it was evident that individual parameters K m and V m may be useful to achieve particular steady-state plasma concentration. Because of the significant correlation and minimal differences (without statistical significance) between predicted and measured values (% diff = 100[C ssmeas -C sspred ]/C ssmeas ; only about 10 -20 %, Fig 6) , pharmacokinetic model achieved good prediction of phenytoin concentrations and may be useful to individualize dosage regimen of phenytoin and probably other drugs with non-linear elimination.
DISCUSSION
Instead of fitting of the data measured for each single dose separately, assuming linear kinetics, all data may be fitted simultaneously according to Michaelis-Menten model for elimination using commercial pharmacokinetic data analysis software like e.g. NONMEM (version V; double Phenytoin is a widely used drug, well known for its interaction with other drugs, which further needs individualization of therapy. The bioavailability of phenytoin is altered with the coadministration of carbamazepine and other drugs [21] . Etoricoxib alters the pharmacokinetics of phenytoin significantly [5] .
Assessment of potential pharmacokinetic interaction of phenytoin and sildenafil awaits evaluation [16] . Sildenafil is widely used in male epilepsy patients because of antiepileptic therapy side effects.
Acute phase response, defined as a patophysiological condition induced by many causal factors, i.e., infection, inflammation, tissue damage, neoplastic growth or immunological disorders, decreases plasma clearance of phenytoin in rabbits [20] . Acute phase response appears to decrease the activity of cytochrome P450 enzymes.
In pharmacokinetic individualization of therapy animal models are the first step. For example, the pharmacokinetic model achieved stable prediction of propofol plasma concentrations in Japanese macaques [22] .
The results of the animal pharmacokinetic studies need to be confirmed in humans. If correlation in rabbit and human kinetics of a test drug could be established, investigated method could lead to more effective individualised therapy, elimination of side effects and lower cost of treatment in humans.
In a study of pharmacokinetics of phenytoin in African children following i.v. administration of phenytoin sodium and fosphenytoin sodium and i.m. administration of fosphenytoin sodium results broadly reflect what was found in the rabbit model [14] .
CONCLUSION
The experiments carried out in this study proves that the phenytoin in the test rabbits was eliminated non-linearly at the applied doses and that the parameters, K m and V m , obtained from only two steady-state concentration measurements, may be successfully used to compute and achieve a particular steady-state plasma concentration in a rabbit model. It can be presumed that similar a model can be used for individualization of therapy with drugs that have non-linear kinetics, but this needs to be verified in a future study. 
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